Mitochondria in cells comprise a tubulovesicular network shaped continuously by complementary fission and fusion events. The mammalian Drp1 protein plays a key role in fission, while Mfn1, Mfn2, and OPA1 are required for fusion. Shifts in the balance between these opposing processes can occur rapidly, indicating that modifications to these proteins may regulate mitochondrial membrane dynamics. We highlight posttranslational modifications of the mitochondrial fission protein Drp1, for which these regulatory mechanisms are best characterized. This dynamin-related GTPase undergoes a number of steps to mediate mitochondrial fission, including translocation from cytoplasm to the mitochondrial outer membrane, higher-order assembly into spirals, GTP hydrolysis associated with a conformational change and membrane deformation, and ultimately disassembly. Many of these steps may be influenced by covalent modification of Drp1. We discuss the dynamic nature of Drp1 modifications and how they contribute not only to the normal regulation of mitochondrial division, but also to neuropathologic processes.
Introduction
The term mitochondria is derived from the Greek words mitos (thread) and khondrion (small grain), emphasizing their tubulovesicular appearance within cells. However, this description masks the dynamic nature of mitochondria, which undergo continuous cycles of division and fusion in cells. 1 The steady state of these yin-yang processes is physiologically tuned during a number of important cellular events, such as development, apoptosis, autophagy, synaptic plasticity, and cell division. 2 Perturbation of this balance has been implicated in a number of degenerative neurological disorders, both acquired and inherited, including Alzheimer disease, Parkinson disease, hereditary optic atrophy, and Charcot-Marie-Tooth neuropathy. [3] [4] [5] The cellular machineries responsible for dynamic changes in mitochondrial morphology have been elucidated through studies in a large number of different experimental systems including the budding yeast Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila, mice, and mammalian cells in culture. Surprisingly, a relatively small number of proteins have been identified that play fundamental roles. 6 Most notable are a number of different large, dynamin-related GTPases that function in mitochondrial fission (Drp1) or fusion (Mfn1, Mfn2, and OPA1). 7 In addition, the mitochondrial outer membrane proteins Fis1 and Mff participate in fission. [8] [9] [10] Though S. cerevisiae Mdv1 and the related Caf4 protein function as adaptors important for mitochondrial division in yeast, no clear orthologs for these proteins have been identified in mammalian cells. A number of other proteins have been implicated more recently in various facets of mitochondrial fission and fusion, but these may function in more specific contexts or play regulatory roles. 11, 12 The importance of carefully orchestrating the balance between mitochondrial fission and fusion has been emphasized in a large number of neurological disease studies. Consistent with the fundamental importance of the dynamin-related proteins in mitochondrial fusion, mutations in OPA1 and Mfn2 have been reported in patients with autosomal dominant optic atrophy type 1 and Charcot-Marie-Tooth type 2A neuropathy, respectively. [13] [14] [15] In addition, a de novo middle domain mutation in the mitochondrial fissioning GTPase Drp1 that likely affects its higher-order assembly has been reported in a neonatally lethal syndrome of microcephaly, abnormal brain development, optic atrophy, and lactic acidemia. Cells derived from this patient showed aberrant elongation of mitochondria. Peroxisomes, which share components of the mitochondrial fission machinery, were also affected. 16 Lastly, during programmed cell death there is increased recruitment of Drp1 to mitochondria, 17 with the resulting increase in fission conspiring with a decrease in fusion to extensively fragment mitochondria. These fission events are also important for autophagic clearance of mitochondria that may be dysfunctional 18, 19 as well as for proper segregation of mitochondria into daughter cells during cell division. Thus, a properly regulated fission/ fusion balance is critical, since inappropriate disruption of either fusion or fission can be deleterious.
The modulation of Drp1 function in particular has been a topic of great interest. Drp1 exists as small oligomers (dimers/tetramers) that can self-assemble into larger multimeric structures at the mitochondrial outer membrane (Fig. 1) , where they mediate mitochondrial division through a guanosine triphosphate (GTP)-dependent conformational change. Reminiscent of other dynamin superfamily proteins, Drp1 has an N-terminal GTP-binding domain, a middle assembly domain, a small insert (insert B), and a C-terminal GTPase effector domain (GED; Fig. 1 ). 7 One prominent difference is that the Drp1 protein does not contain the C-terminal proline-rich domain of dynamin. The GED domain of Drp1 is important for mediating both intra-and intermolecular interactions, 20 and the middle domain is important for self-assembly into higher order structures. Based on structural studies of dynamin and the yeast Drp1 ortholog Dnm1, 21, 22 the basic building block of the Drp1 higher order spirals on the mitochondrial outer membrane may be a T-shaped dimer, with the GTPbinding domain at the head, and the middle and GED domains comprising the stalk.
Unlike the other three dynamin-related GTPases and Fis1/Mff that are involved in mitochondrial dynamics, Drp1 is mostly cytoplasmic, with only approximately 3% associated with the mitochondrial outer membrane under typical cellular conditions. 23 Consequently, it seems unlikely that simply altering protein levels would significantly change mitochondrial fission, and many studies investigating wild-type Drp1 overexpressed in cells have not reported an increase in fission. Thus, regulation of Drp1 properties such as mitochondrial translocation, protein interactions, higher order assembly, or GTPase activity might be expected to be more important. Drp1 recruitment to mitochondria is increased prominently during events such as programmed cell death, with an associated increase in fission. 17 Thus, a key level of regulation occurs at the mitochondrial recruitment step. Other opportunities for regulation occur during higher order Drp1 assembly/disassembly and the cycle of binding and hydrolysis of GTP. Any of these regulatory changes could conceivably occur though modifications of Drp1 and/or its interaction partners.
Posttranslational modifications of Drp1
Exciting insights have recently been published on the posttranslational modification and regulation of Drp1 by a variety of modifying enzymes. 2, 12, 24, 25 These covalent modifications include protein phosphorylation, sumoylation, ubiquitination, and Snitrosylation (Fig. 2 ). Though these modifications will be discussed individually, it seems likely that they can occur in conjunction with one another, and that modification at one site may affect modifications at other sites.
Protein phosphorylation
Protein phosphorylation is a posttranslational modification mediated by protein kinases with a wide range of substrate specificity that is widely used by cells to modulate protein function, with the advantage of integrating rapid functional changes with cellular signaling pathways. Thus, it was not surprising when this was initially identified as a regulatory mechanism for Drp1. The earliest reported phosphorylation was at Ser616 by Cdk1/cyclin B (residue numbers have been changed for consistency to reflect the position in human Drp1 variant 1). 26 This mitotic phosphorylation promoted Drp1-dependent mitochondrial fission, accounting for the increase in mitochondrial fragmentation that occurs in cells undergoing mitosis. Since this modification does not directly affect GTPase activity, 26 the increase in fission may be mediated by alterations in Drp1 interactions with other proteins.
A more widely studied phosphorylation site has been Drp1 Ser637, which is part of a consensus site highly conserved among metazoans. This was initially identified as a site for phosphorylation by protein kinase A (PKA), with dephosphorylation mediated by calcineurin. 25, [27] [28] [29] Subsequently, Ser637 was also identified as a site for phosphorylation by Ca 2+ /calmodulin-dependent protein kinase Iα (CaMKIα). 30 Three studies reported that modification of this site inhibits mitochondrial division through a reduction in GTPase activity and/or inhibition of Drp1 translocation to mitochondria. [27] [28] [29] However, a fourth study found that Ser637 phosphorylation by CaMKIα stimulates mitochondrial translocation of Drp1, perhaps through an increase in Drp1-binding affinity for Fis1, with an associated increase in mitochondrial fragmentation. 30 This apparent discrepancy highlights the importance of where and at what stage of the Drp1 activity cycle phosphorylation occurs in the cell as well as the possibility that other proteins are concurrently modified by these kinases. For instance, the study that found an increase in mitochondrial fragmentation investigated CaMKIα, which is activated in response to increased intracellular Ca 2+ concentrations; importantly, changes in Ca 2+ concentrations can have a plethora of effects on other proteins. Furthermore, increased cAMP levels also can have a variety of cellular effects in addition to stimulating PKA-dependent phosphorylation of Drp1 Ser637. Though this example might portend a great degree of difficulty in understanding how phosphorylation at a given site might affect Drp1 function, it reinforces the point that physiological effects of a modification may differ depending on the cellular context in which it occurs.
A recent study found that calcineurin-dependent dephosphorylation increases Drp1 recruitment to mitochondria. 29 At first this might seem incompatible with the low basal phosphorylation reported at this site in several studies, 27, 28 but there are a number of possible explanations. First, phosphorylation at this site may turn over very slowly, and thus not be evident in 32 P-orthophosphate-labeling experiments, where labeling typically occurs for about 4 h. Arguing against this notion is that immunoblots with phosphopeptide antibodies also did not suggest significant basal phosphorylation. 27, 28 A second and more likely possibility is that there may be a small subpopulation of Drp1 protein that is phosphorylated and is specifically involved in this calcineurin-dependent process, emphasizing again the importance of the cellular context of a modification.
Sumoylation
The small ubiquitin-like modifier (Sumo) protein is also involved in Drp1 modification. 31 Sumo attachment often alters subcellular localization of proteins or protects them from ubiquitin-mediated destruction. Interestingly, there is a Bax/Bak-dependent stable association of Drp1 at the mitochondrial membrane, with associated conjugation of Sumo to Drp1. 32 Consistent with this modification of Drp1 occurring at the mitochondrial outer membrane, Drp1 is a substrate for at least one mitochondrial-anchored Sumo E3 ligase, MAPL, 33 with a corresponding Sumo protease SenP5 that can desumoylate Drp1. 34 Even so, the effects of sumoylation on Drp1 function remain unclear. A mutant Drp1 protein with a series of closely spaced Lys-to-Arg mutations that prevent detectable sumoylation of Drp1 does not exhibit differences in mitochondrial division or in mitochondrial recruitment of Drp1 during programmed cell death when expressed in cells, arguing that sumoylation of Drp1 itself is not required and that other proteins may play a role. 35 The fact that sumoylation appears to occur within the B insert of Drp1 suggests that it may exert an effect on Drp1 interactions with the outer mitochondrial membrane or other proteins.
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Ubiquitination
In addition to being sumoylated, Drp1 is also modified by a related process, ubiquitination. This modification often acts as a protein interaction motif and often targets protein for destruction. Recent studies have focused on the effects of the mitochondrial RING-CH E3 (MARCH-V, MARCH5, MITOL) ubiquitin ligase that resides in the mitochondrial outer membrane and ubiquitinates Drp1 as well as Fis1. [36] [37] [38] Though originally proposed to promote mitochondrial fusion, 36,37 more recent studies have provided evidence that it enhances fission, possibly by facilitating trafficking of Drp1 to mitochondrial sites of division. 38 Ubiquitination might affect Drp1 assembly/disassembly also, since expression of a dominant-negative MARCH-V protein increases mitochondrial association of Drp1. 38
S-Nitrosylation
A final Drp1 modification recently described is S-nitrosylation. This is a redox-related modification of thiols (such as in cysteine residues) by nitric oxide (NO), which transduces NO activity and affects a variety of proteins involved in a number of cellular processes. 39 In fact, S-nitrosylation shares many properties with protein phosphorylation. Both modifications exhibit substrate specificity, strict spatial and temporal regulation, and reversibility. In some cases, as for the caspases involved in apoptosis, S-nitrosylation has been shown to inhibit enzyme activity. In other proteins, such as matrix metalloproteinases, S-nitrosylation appears to increase enzymatic activity.
NO functions as a signaling molecule, but in excess it can cause neuronal injury, in part via increasing mitochondrial fragmentation. A recent study has suggested that NO produced in response to β-amyloid protein, a key mediator of Alzheimer disease, triggers mitochondrial fission and subsequent synaptic loss and neuronal damage, in part via S-nitrosylation of Drp1 at Cys644. 40 Preventing S-nitrosylation of Drp1 through a Cys644Ala mutation blocked the neurotoxicity. 40 Thus, S-nitrosylation joins the others modifications already discussed in providing cells a repertoire of tools to regulate Drp1 function, with relevance for both normal and pathological processes.
Conclusion
The large number of distinct modifications of Drp1 already identified foretells an exciting new area of mitochondrial research. The studies reviewed here are likely just the beginning, since not only will additional modifications of Drp1 be revealed, but other proteins involved in regulating Drp1-mediated mitochondrial dynamics are likely also to be uncovered. A supporting cast of modifying enzymes coupled to a variety of signaling pathways dramatically increases the regulatory repertoire that a cell can dispatch to fine-tune Drp1-mediated mitochondrial fission.
We suggest that Drp1 is the predominant mediator of mitochondrial division, with a wide variety of interacting and modifying proteins providing the flexibility to regulate fission activity and to integrate such changes into a variety of cell processes. In this regard, an important point to emphasize is that effects of any protein modification are crucially dependent on where and when they occur within the cell, and what other proteins might be concurrently affected. Given their roles in the functional modulation of Drp1, it is not surprising that alterations in structure and modifications of Drp1 in inherited and acquired neurological disorders are pathologically significant. Whether the regulation of these posttranslational modifications can be harnessed therapeutically will be an important area for future investigation. Drp1 localization on mitochondria. Endogenous Drp1 puncta (green) are present in COS7 cells at discrete sites along mitochondrial tubules, which are visualized using MitoTracker Red CMXRos. Although some Drp1 foci are clearly evident at sites of fission (arrows in enlargements), not all foci represent sites of fission. Scale bar, 20 μm. Adapted from Zhu et al. 20 Chang and Blackstone Ann N Y Acad Sci. Author manuscript; available in PMC 2017 September 06.
